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Introduction
In RAN1#86, it was agreed that 
· [bookmark: _GoBack]NR support NR RS configured on a per UE basis
· FFS whether or not to support always-on non-UE-specific RS in NR
· Including the details of always-on and non-UE-specific, if supported
A typical always-on non-UE-specific RS in LTE is the cell-specific RS.  Cell-specific RS is one most fundamental building block of the LTE system since Rel-8, which is used for 
· coherent demodulation of DL physical channels
· channel-state information (CSI) acquisition
· fine time/frequency offset estimation and tracking
· estimation of large-scale properties of the channel for QCLed antenna ports, and 
· RRM for cell-selection and handover decision.  
Some functionalities cell-specific RS are provided by other RSs as the LTE system evolves.  For example, UE-specific RS (or demodulation RS) are introduced for coherent demodulation of EPDCCH and PDSCH in TMs 7, 8, 9, and 10.  Channel state information RS (CSI-RS) are introduced for CSI acquisition since Rel-10.  But cell-specific RS is still unreplaceable due to its versatile functionalities like time/frequency offset estimation and tracking, and estimation of large-scale properties for QCLed ports, loops tracking, mobility measurement and many other functionalities.  In NR, introducing RSs like cell-specific RS shall be minimized for the sake of overhead, eNB power saving and prevent pilot pollution.  But some of the functionalities of cell-specific RS need to be provided. In Section 2, we discuss some high-level design principles of RS for control and tracking for NR (also known as common/shared RS, i.e., it is common/shared across different UEs and also shared across different functionalities).
In RAN1#86bis, a WF on RS design principle in NR was agreed that
· At least the following RSs are supported for NR downlink
· CSI-RS: Reference signal with main functionalities of CSI acquisition, beam management
· FFS: RRM measurement 
· DM-RS: Reference signal with main functionalities of data and control demodulation
· FFS: channel state information estimation and interference estimation
· FFS: beam management
· Reference signal for phase tracking
· FFS: Whether DM-RS extension can be applied or not
· FFS whether new RS or RS for other functionalities can be used
· Reference signal for time/freq. tracking
· FFS whether new RS or RS for other functionalities can be used
· Reference signal for Radio link monitoring
· FFS whether new RS or RS for other functionalities can be used
· RS for RRM measurement
· FFS whether new RS or RS for other functionalities can be used


In RAN1#86bis, two WF on control channel design principle in NR was agreed that
NR should support
· UE/PDCCH-specific DM-RS for PDCCH reception. At least for beamforming, UE may assume same precoding operation for PDCCH and associated DM-RS for PDCCH.
· FFS: DM-RS is PDCCH-specific and/or UE-specific
· Shared/Common RS for PDCCH reception
· Whether this sharing will be transparent to UE is FFS
· FFS: Whether UE may assume the same precoding operation between RS and PDCCH
· FFS: QCL between antenna ports for PDCCH demodulation
· Tx diversity supported. Which scheme/how FFS

For the frequency-domain aspects:
· A UE monitors for downlink control information in one or more “control subband”
· This does not preclude that UE may receive additional control information elsewhere within or outside the control subband in the same or different OFDM symbol(s)
· FFS: One DCI message is transmitted within one control subband.
· A “control subband” is smaller than or equal to the carrier bandwidth (up to a certain limit) 
· FFS if a “control subband” is non-contiguous and/or contiguous in the frequency domain. 
· A “control subband” consists of an integer number of RBs/PRBs in the frequency domain
FFS: multiplexing of multiple control channels in a subband

Discussion
It is agree that NR control channel should be factored into control sub-bands, where each UE monitors at least one such sub-band. To convey broadcast/multicast control information such as MSIB, TPC, etc., it is desirable to have at least one “common” control sub-band, which (1) uses common/shared RS, (2) is dedicated to transmit broadcast/multi-cast information, and (3) is monitored by all or a group of UEs. On the other hand, it is also agreed in the chairman’s note that reference signals are needed to fulfil control loop related functionalities such as time/frequency tracking and radio link monitoring. Given the shared nature of the common/shared RS for common control sub-band and the requirement for designing RS to drive control loops, we propose to re-use common/shared RS for time/frequency tracking and radio-link-monitoring purposes. This means that the common/shared RS in the common control sub-band should be transmitted with certain periodicity, irrespective of whether there is PDCCH or not, and is always transmitted across the entire sub-band. Further, to ensure robust UE performance, the common/shared RS should also be transmitted with certain pattern over time, besides being periodic, to make sure that frequency-tracking-loop can function properly. 
Proposal 1: There should be at least one common control sub-band that should be monitored by all UEs.
Proposal 2: The common control sub-band adopts common/shared RS
Proposal 3:  The common/shared RS should be transmitted across the entire common sub-band with certain periodicity and certain pattern over time, irrespective of whether there is PDCCH or not unless no active UE is in the cell that requires those RS
One potential pattern for common/shared RS transmission would be that common/shared RS is always transmitted in the slot that contains SYNC channel and the slot right after the slot that contains SYNC channel. 
For UE-specific control sub-band, since it is possible to multiplex the PDCCH for two different UEs in the same sub-band with different beamforming, it makes sense to only transmit PDCCH-DMRS along with the actual PDCCH transmission, not across the entire sub-band. 
Proposal 4:  For UE-specific control sub-band, the PDCCH-DMRS is only transmitted along with the actual PDCCH transmission.

First of all, it is agreed that NR should strive to minimize the always-on signal, such as CRS. In particular, LTE type of always on CRS over the entire band and spread over the entire subframe, which causes severe pilot pollution issue and poor eNB power consumption even in the case where the cell is lightly loaded. On the other hand, CRS is still extremely important to ensure robust system performance as it plays such versatile role in LTE, the decision/commitment to remove them completely should not be taken lightly. 



Figure 1. Example of CRS (RS for control and tracking in NR) in NR data slot
As a possible tradeoff, CRS should be kept to a small footprint, but not too small that causes performance/robustness issues. In NR, suppose CRS is not mainly used for PDSCH demod, then they could be channelized only in the broadcast control region to ensure no pilot pollution to data. And CRS pilots are used mainly for control decoding as well as loops and measurement. CRS density could be reduced significantly both in time and frequency domain. An example of RS for control and tracking (a.k.a control RS or new CRS) in NR is illustrated in Figure 1. Also, note that the appearance of CRS may not just be useful for control channel demod. Frequency and timing loops are typically driven by staggered CRS symbol pairs.
It was noted that current LTE CRS has to be on regardless the presence of active UEs in the cell. In NR, this should be optimized. CRS could be off for more power saving when no active UE is in the cell (meaning that, UEs are either in idle mode or in DRX mode and not in data slots preceding wakeup where common/shared RS may be needed for loops warm-up). A minimum amount of CRS could be used for mobility purpose associated with SYNC/MSIB channel.
Observation 1: LTE CRS is critical to robust UE performance. However, always-on signaling creates pilot pollution and burns unnecessary eNB power.
Proposal 5: NR shared/common RS should be kept to a small footprint, but still ensure robust UE performance. 
Proposal 6: NR shared/common RS could mostly be muted in the absence of active UEs in the cell with a small NB amount active along with SYNC/MSIB channels for mobility purpose. 
Although the common/shared RS can be used for radio-link-monitoring and time/frequency tracking, extending it for the radio-resource-management functionality is FFS. Because the common-sub-band does not necessarily reside in a fixed location relative to the SYNC channel across different cells, and its location may even be reconfigured from time to time. Thus, to fulfil the purpose of RRM, it may require to have additional/separate RRM RS design. Since RRM is linked with cell search, we propose to have RRM RS at least shared the same slot and bandwidth with the SYNC channel. 
Proposal 7:  RRM RS should at least share the same slot and span at least the same bandwidth with the SYNC channel.

Conclusions 
Observation 1: LTE CRS is critical to robust UE performance. However, always-on signaling creates pilot pollution and burns unnecessary eNB power.
Proposal 1: There should be at least one common control sub-band that should be monitored by all UEs.
Proposal 2: The common control sub-band adopts common/shared RS
Proposal 3:  The common/shared RS should be transmitted across the entire common sub-band with certain periodicity and certain pattern over time, irrespective of whether there is PDCCH or not
Proposal 4:  For UE-specific control sub-band, the PDCCH-DMRS is only transmitted along with the actual PDCCH transmission.
Proposal 5: NR shared/common RS should be kept to a small footprint, but still ensure robust UE performance. 
Proposal 6: NR shared/common RS could mostly be muted in the absence of active UEs in the cell with a small NB amount active along with SYNC/MSIB channels for mobility purpose. 
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